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ABSTRACT

DESIGN OF RIGID MECHANICAL MANIPULATING SYSTEM FOR
MULTIPLE LASERS
Vinay Prabhath Turaga, MS
Department of Mechanical Engineering
Northern Illinois University, 2015
Dr.Federico Sciammarella, Director
The goal of this thesis is to design a mechanical manipulator that is optimized for
handling class IV fiber lasers used for Laser Assisted Machining (turning) of ceramics. The
design should be cost effective, simple and would produce more flexibility and robustness for the
machining process. At the same time, the system should also include stability, rigidness and a
few degrees of freedom when compared to more expensive counterparts such as industrial
robots. This concept was developed and based on Northern Illinois University’s project on Laser
Assisted Machining (LAM) of ceramic work pieces where turning operation was the primary
objective. In order to develop a design that can be adopted by the industry that may not want to
invest more in new technology packages but rather upgrade or add additional features to their
existing platforms. This capability moves towards the future flexible work cells that are in
demand for next generation manufacturing.
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1. INTRODUCTION

1.1.Advanced Ceramics:
Material challenges in most of the fields like process, manufacturing, medical, aerospace,
automobile and military applications include wear, corrosion and thermal instability. Properties
of advanced ceramics show a promising source to overcome the challenges mentioned above.
Advance ceramics are wear-resistant, corrosion resistant, lightweight and superior to more stable
compared to other materials in high-temperature environments [1]. Advanced or technical
ceramics are classified into three types - oxide ceramics, non-oxide ceramics and third type
would be a combination of oxide and non-oxide which are composites of ceramics [2]. Table 1
lists a few types of advanced ceramics and their engineering properties.

Due to wide range of properties of ceramics (Alumina, Zirconium, Silicon Nitride and
Silicon Carbide) as mentioned in the above table, they are mainly used in mechanical
applications which include welding nozzles (figure 1), automobile engine parts (figure 2), and
industrial turbine parts, cutting tools, pump products and die products.
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Table 1: Properties of few oxide and non-oxide advanced ceramics [3]
Name

Type

Engineering Properties

Zirconium

Oxide

Density: 6 gm/cc
Thermal Conductivity: 2 W/mK
Fracture Strength: 400-620 Mpa

Aluminum

Oxide

Density: 3.69 gm/cc
Thermal Conductivity: 18 W/mK
Fracture Strength: 379 Mpa

Silicon Carbide

Non-oxide

Density: 3.1 gm/cc
Thermal Conductivity: 120 W/mK
Fracture Strength: 550 Mpa

Silicon Nitride

Non-oxide

Density: 3.29 gm/cc
Thermal Conductivity: 30 W/mK
Fracture Strength: 689 Mpa

Aluminum nitride

Non-oxide

Density: 3.26 gm/cc
Thermal Conductivity: 140-180 W/mK
Fracture Strength: 320 Mpa
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Figure 1: Application of advanced ceramics in nozzles [4]

Figure 2: Application of advanced ceramics in engine parts [4]

1.2.Laser assisted machining of ceramics:
In general, manufacturing process of ceramics is done in various stages. The first stage includes
obtaining raw materials follwed by casting (second stage) using molding or extrusion
processes. Third stage is the forming process, done using pressing of materials. The desired
shape is obtained using sintering process which is the fouth stage and finally the finishing is
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done in fifth stage by grinding and bonding [4]. After the sintering process component has to
undergo traditional grinding method for material removal using single point diamonds or
Diamond Wheel Grinding [5]. Conventional machining is time taking and difficult for the tools
to machine. Thus an alternate technique, which is the Laser Assisted Machining (LAM), has
been introduced in order to overcome the complexities of traditional grinding method. LAM is
a new and innovative way of machining hard-to-wear materials, which are difficult to machine
using conventional methods [6]. LAM combines laser technology with traditional machining
methods such as turning and milling. The laser is used as a heat source to raise the temperature
of the workpiece which makes the material soft and glassy making it easier for the cutting tool
to removal the material. Heating softens the surface layer of the material, so that ductile
deformation rather than brittle deformation occurs during cutting. However, to prevent the
material from melting, heating is localized as much as possible to the surface layer of the
material which should be removed before substantial heat is conducted into the bulk of the
workpiece [7].

Figure 3: Laser heating of a workpiece in LAM [8]
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1.3.Manipulators:
It is inaccessable and unsafe to manipulate the laser heads directly in the machining
environment, thus it is essential to use a manipulator to perform the LAM of ceramics. Robotic
manipulators or robotic arms are extensively used in industrial applications and many other
customized applications [9]. The robotic arms are composed with assembly of links and joints.
The device which is fixed to the system interacts with the environment to perform the required
task, is called as an end effector [10]. In the case of LAM, the laser proceesing head would be
the end effector and the robotic arm is used to manipulate the end effector. In order to get
precise control over the end effector in LAM, the robotic arm should posses motion
characteristics like planar and spherical, which means the manipulator should be able to move
the end effector in linear motion as well as in rotational motion [10].

Figure 4: Industrial robot holding a laser processing head at Reliance Tools and Manufacturing
Company
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1.4.Literature Survey:
The new technique LAM of ceramics showed promising results in improving the
production of hard to wear materials like ceramics. The following publications below justify in
implementing LAM technique.
Sciammarella et al., discussed about the material behavior of structural ceramics to be
scaled from laboratory level to commercial shop floor using LAM of silicon nitride using 250
watt CW diode laser [11].
Brecher et al., aimed at reducing the process force and material reduction without using
cooling lubricants developed a setup for laser-assisted milling with local laser-induced material
plastification before cutting [12].
Rozzi and colleagues developed a 3D heat transfer model of LAM of silicon nitride and
studied about the effects of machining properties like rotational speeds, depth of cut, and surface
temperature on thermal conditions [13].
Armitage and colleagues verified whether LAM with varying machining parameters is
feasible to carry out machining operations for hard to wear slurry pump inners [14].
Yang et al., studied the depth and width of heat affected zone with varying laser intensity
and spot sizes for titanium alloys [15].
Klocke et al., developed an optimum LAM setup in order to achieve a better surface
roughness quality for ceramic workpieces [16].
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1.5.Objectives:
The following are the objectives of the thesis:
(1) Design a suitable manipulating system which can be easily upgraded with the existing
machinery.
(2) Develop a design which is cost effective and easy to manufacture.
(3) System should be rigid enough to handle three laser processing heads and easy to operate.
(4) Easily integrate with existing machinery.
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2. CONCEPTS OF THE DESIGN
2.1.Existing Experimental Setup:
From [11]-[16] in the literature survey, LAM of hard to wear materials like ceramics requires a
modern technique to perform the machining operation. The new technique basically uses a
suitable laser equipment to preheat the workpiece and change its microstructure from solid phase
to glassy phase before starting the material removal. Existing lathe machines can be used for
LAM if the machining process is upgraded with laser processing equipment. In general the main
components of the laser assisted machining setup consist of a workpiece fixed to a rotating
chuck, a laser processing head handled by a manipulator, usually robotic arms are preferred.
Finally a cutting tool is used to remove the material. When the workpiece rotates at desired
speed, the spot of the laser beam on the workpiece is controlled and manipulated by the robotic
arm. When the temperature of workpiece reaches the required limit, the cutting tool performs its
operation. Robotic arm holds the laser processing head and precisely projects the laser beam on
the surface of the workpiece.

.
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Figure 5: LAM setup at NIU [11]
Figure 5 shows the LAM setup used at Northern Illinois University which includes fixture
holding a laser head. Traditional fixture setup cannot be an ultimate solution to replace the robots
when compared to the competitive and developing manufacturing units. Also using robotic arms
would be a difficult asks for those firms who think about investing huge amounts for developing
their existing machineries. Considering the above facts, an idea was developed to design a
mechanical manipulating system which has minimum automation and is highly cost effective. It
should also be able to perform all the tasks done by robotic arm.
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2.2.3D Model of Mechanical Manipulating system:
A mechanical manipulating system has been designed for holding the laser processing
head in laser assisted maching process. The goal of this design is to replace the existing
industrial robotic arms which are highly expensive for the work than needed. The main idea is to
develop a system which can funtion similar to a robotic arm in a cost effective manner. This
mechanical manipulating system is capable of holding three laser processing heads at a time.
Also the design of the manipulator is highly rigid to withstand continous operation and it is
amenable for the given task. This manipulator can be easliy installed into the conventional lathe
machines, since this manipulator acts as an additional support for the existing mahcine. Figure
2.2 shows the proposed model.

Figure 6: Isometric view of the proposed mechanical manipulating system
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Figure 7: Front view of the system indicating the direction of tool with laser workpiece at the
center
Three platforms were provided to fix three laser proceesing heads. Linear moment of the heads is
controlled by linear actuators mounted in housings sperately. Two rotary platforms were
provided for top and bottom laser heads in order to control the angular moment of the heads
through rotary actuators. To understand the working procedure of the mechanical manipulating
system, it should be used as a manipulating system for handling laser processing heads in LAM
of ceramics technique. Where few parameters such as the working distance, type of laser used,
and machining environment is already known. Other paramters listed below were the
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assumptions made to estimate the the minimum dimensions required to design the manipulator
and perform the strucutal analysis on the system.
(1)

Diamater of the work piece is in the range of ½” to 4 inches.

(2) Fiber optical diode laser processing heads are used in the technique.
(3) Minumun working distance is 6 inches.
(4) Workpiece is fixed 24 inches above from the gound level and a minimum of 24 inches
clearnce diatance available to place the manipulator.
(5) The cutting tool is in the opposite direction of the manipulating system.
Based on these assumptions the mechanical manipulating system as shown in the figure above is
designed.

The assumptions shown above are appropriate for a particular case to understand the
working principle of the newly developed concept. The working environment may vary from
place to place but the working parameters such as working distance, cut feed, and rotaional speed
are common in LAM of ceramics. Thus by changing the dimensions of the components in the
manipulating system it can be upgraded for various working environments with any kind of
existing conventional lathe’s or any other CNC machinery where turning is the primary
operation.
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2.3.Design planning and outcome:
Considering machining rate and operating time as the two main factors to improve
production rates, the mechanical manipulating system is designed for holding three laser
processing heads at a time. In order to be more cost effective and easy to manufacture the entire
system is designed with commonly available industrial metals and components. Even the shapes
and sizes of the components are designed similar to the products available in the market. The
mechanical manipulator consists of four main sub assemblies, which are listed in table 2:
Table 2: Number of assemblies in the mechanical manipulating system
S.No
1

Name

Description

Base assembly

The enire assembly is
mounted on a rod
which is fixed to a
plate

2

Rotary actuator

Provides rotation

assembly

moment for the laser
processing head

3

Linear actuator

Provides linear

assembly

moment for the laser
processing head

4

‘E’

Two rotary assemblies
along with two laser
processing heads are
fixed to two curved
hollow tubes
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The manipulating system is designed with three degrees of freedom to provide more
controlled operation and to be more easily compactable to the machining conditions. In general,
robotic arms consists of multiple degrees of freedom based on the cost and model of the robotic
arm. The moments of the robotic arm are controlled by a computer program and they are highly
automated. Whereas the mechanical manipulating system is designed with simple and easy to
operate features which are detailed below:
(1) Sliding moment:

Figure 8: Front view of the ‘E’ assembly in sliding moment
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Figure 9: Location of the sleeve provided for sliding motion
Whenever there are few changes in the machining operation and complexities increase
such as change in working distance or increase in the dimensions of the workpiece, the system
should be capable enough to overcome such issues thus a sleeve is provided on the base holder
giving sliding motion to the ‘E’ assembly shown in figure 9. This motion enables laser
processing heads to slide to and fro form the workpiece. Thus if the working distance is less this
motion provides a chance to optmiize the distance. Figure 8 indicates the direction of the
moment.
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(2) Rotation moment:

Figure 10: Isometric view of the parts in rotary assembly
When there is a particular change in the working distance using the sliding moment the
‘E’ assembly can be moved away from the workpiece. Figure 11 indicates that it is difficult to
orient top and bottom laser heads . Thus a rotaion moment is provided to the system where the
top and bottom laser heads can be rotated to desired angle in order to maintain constant point of
incidence of the three laser beams on the workpiece. Figure 10 shows the rotation assembly
platform where the laser head along with the linear actuator housing is mounted on a rod fixed to
a shaft.
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Figure 11: Indication of change in working conditions
(3) Linear moment:

Figure 12: Isometric view of the linear moment housing
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Another important task to be achieved by the manipulating system is to move the laser
processing head thoughout the machining length of the work piece, in other words move the laser
beam throughout the machining distance. The maximum allowable distance for the tool to
remove the materail is called as machining distance. The laser beam should be able to heat the
workpiece and move parallely along with the cutting tool. Thus to complete this work a linear
moment with the help of an linear actuator is provided to the system. As shown in figure 12 the
laser head is attached to the end flage which is connected to a sleeve and lead screw mechanism.
As the screw rotates in clockwise/anti-clockwise direction it allows the sleeve to move linearly
which in return moves the laser head in appropriate direction.
2.4.Structural analysis of the design:
To understand the strength of the manipulator and estimate the capacity of the
manipulating system, FEM analysis has been performed for the following components where the
loads are particularly carried by these components:
(1) Holding rod:

Figure 13: Isometric view of the holding rod along with the direction of the load applied
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Figure 14: Front view of the holding rod indicating the dimensions (left) side view indicating the
dimensions (right)
Table 3: Dimensions of the holding rod

Description

Notation

Value

Units

Width

w

0.5

Meters

Height

h

0.7

Meters

Innder

a

0.04

Meters

b

0.05

Meters

m

5.25

Kilograms

Diameter
Outer
Diameter
Mass

The entire loads of the ‘E’ assembly along with the other sub assemblies were mounted
on the hollow curved rod. Thus the weights of the individual parts are added and depending upon
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the dimensions shown in the table 3, loads are calculated using the force equation given in the
equation 1 and applied normally to the holding rod in negative ‘Y’ direction.

(Equation 1)… [17]

Using the equation above the load is calculated.
Mass = 30 Kg (This includes weights all the other components and sub-assemblies)
F = 30 X 9.81 = 294.3 N
Considering safety factor an additional force of 150 N is added to the initial value which
is approximately 295N
Approximately total force applied is = - 450 N
Negative sign indicates the force is applied in negative ‘Y’ direction.

(2) ‘E’ Assembly:

Figure 15: Isometric view of the ‘E’ assembly and direction of the load applied on the plates
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Figure 16: Front view of the curved rod indicating the dimensions (left) side view indicating the
dimensions (right)
Table 4: Dimensions of the curved rod
Description

Notation

Value

Units

Width

w

0.2

Meters

Height

h

0.2

Meters

Innder Diameter

a

0.03

Meters

Outer Diameter

b

0.05

Meters

Mass

m

1.7

Pounds

Since the weights of the rotary platform parts and other components attached to the ‘E’
assembly are fixed to the two plates, the loads are applied individually inside the holes for both
the plates in negative Y-direction.

22
Mass = 6.8 kilograms (This includes weights of the parts in rotary platform assembly and
linear actuator assembly)
Therefore using equation above:
F= 6.8 X 9.81 = 66 N
To be more precise an additional force of 34 N is considered as safety factor is added to
the theoretical value.
Total force applied = 100 N
(3) Rotating rod at different angles:

Figure 17: Directions of the load applied on the rotating rod
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Figure 18: Isometric view of the rotating rod indicating the dimensions
Table 5: Dimensions of the rotating rod
Description

Notation

Value

Units

Length

l

0.075

Meters

Width

w

0.075

Meters

Innder Diameter

a

0.03

Meters

Outer Diameter

b

0.05

Meters

Mass

m

1

Kilograms
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The manipulating system has angular moment, thus it is necessary to verify the
distribution of stress, strain and displacement at different inclinations as shown below:

(a) Case 1 when the rotating rod is at 90 degrees:

Figure 19: Direction of the load applied when the rotating rod is at 90 degrees
(b) Case 2 when the rotating rod is at 30 degrees:

Figure 20: Direction of the load applied when the rotating rod is at 30 degrees
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(c) Case 3 when the rotating rod is at 45 degrees:

Figure 21: Direction of the load applied when the rotating rod is at 45 degrees
When the rod is lifted at different inclinations, the direction of the load falling is shown
in the figures above. Since we know the range of inclination, the load acting on the bar can be
calculated using equation 2.

(Equation 2)…… [17]

Where,
M is the mass of the components falling on the bar.
g is the acceleration due to gravity.
θ is the angle lifted by the bar.
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Case (2) when θ is 30,
F = 5X9.81Xsin (30) = 24.5 N along with safety factor F = 36.75 N load is applied to the rotating
rod.
Case (3) when θ is 45,
F = 5X9.81Xsin (45) = 34.68 N along with safety factor F = 52 N load is applied to the rotating
rod.
Case (1) when θ is 90 which means when the rod is straight,
F = 5X9.81 = 49.05 N along with safety factor F = 73.5 load is applied normal to the rotating
road.
The pictorial results of the stress analysis are shown in detail in chapter 4.

2.5.Manufacturing:
The purpose of designing a mechanical manipulating system is to manufacture it in a cost
effective manner with minimum fabrication works. This system can be built by assembling the
parts which are readily available in the market. It doesn’t require any additional machining
processes other than traditional fabrication works like welding, cutting, bending and drilling
operations to make the assembly. The procedure of building the mechanical manipulator is
detailed in the following steps:
(1)

To build the holding rod and plate assembly bending operation can be used. In

other words, bending operation bends a hollow steel tube at the inclination shown in
figure 22. A sleeve is cut with a minimum distance from the bent portion. A hole is made
next to the sleeve for mounting the second linear actuator assembly.
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Figure 22: Base plate welded to holding rod
(2)

The hollow rod is mounted on a steel plate and fixed using arc welding operation.

Sufficient space is left for drilling mounting holes on the plate which can be used in the
future for clamping it to a linear actuator.

Figure 23: Base plate with mounting holes and holding rod
(3)

The next step is to make a box by placing six steel plates close to each other

forming a cube and all the edges are welded. Two holes are cut on the front and back side
of the box as shown in figure 24. The box should be able to slide on the hollow rod
smoothly without any friction.
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Figure 24: Welded housing box
(4)

A steel hollow ring is welded at the backside hole of the box and a hole is cut

through the ring for mounting the box on the hollow rod.

Figure 25: Housing box mounting on the holding rod
(5)

Two small hollow steel rods are bent as shown in figure 26 and fixed to the top

and bottom faces of the box using welding process.
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Figure 26: Hollow curved tube (left) welded tubes on the box (right)
(6)

For the hollow tubes on the top and bottom faces of the box, steel plates with four

holes are fixed on each hollow tube.

Figure 27: Curved hollow tubes welded with steel plates
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(7)

A platform for holding the rotary assembly parts is made. Two rectangular steel

plates are welded with a plate similar to the top plate fixed to a curved hollow tube. As
shown in figure 28 the top plate is fixed with three plates where the rotary assembly parts
are fixed. The same process is repeated for the bottom plate where the second rotary
assembly parts fixed.

Figure 28: 'E' assembly along with two rotary assembly platforms
(8)

As shown in figure 29 three linear actuator housings are made using rectangular

steel plates with holes through it. These holes are made for placing the lead screw and
mounting the motor at one end. A steel ring is welded to the box at the other end which
acts as a housing for the bearing part.
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Figure 29: Linear actuator housing box
(9)

A steel ring is welded in between two metal flanges with holes through it as

shown in figure 30. A steel rod is welded at center of the ring since the entire rotary
assembly along with the laser head is mounted on this rod. A hole is drilled through the
rod for mounting the linear actuator assembly along with laser head.

Figure 30: Rotating rod welded between two steel flanges along with locking holes
(10)

Step 9 is repeated and a similar type of assembly is prepared for mounting the

third laser processing head along with the third linear actuator assembly.
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(11)

Using a shaft the rotary assembly is placed in the platform provided as shown in

figure 31.

Figure 31: Rotary assembly platform mounting on the shaft
(12)

Using nut and bolt the first linear actuator assembly is mounted to the top rotating

rod of the rotary assembly using the hole provided. For mounting purpose a steel ring is
welded to the first linear actuator assembly with a hole through it.
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Figure 32: Assembly of linear actuator housing and rotating rod
(13)

For the second linear actuator assembly, the assembly is directly mounted to the

holding rod where a hole is provided for the mounting.

Figure 33: Assembly of center linear actuator housing with holding rod
(14)

Step 12 is repeated for mounting the third linear actuator assembly.

(15)

When all three assemblies are mounted the manipulating system appears as shown

in figure 34.
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Figure 34: Mechanical manipulating system without laser heads
(16)

The first laser processing head provided with mounting holes can be fixed to a

metal flange which is welded to a steel rod. The steel rod can be welded to the sleeve
moving on a lead screw.
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Figure 35: Assembly of laser head to the bracket connecting rod
(17)

In the similar way using flange and steel rods the second and third laser heads are

fixed to the respective sleeves.
(18)

After finishing all the assemblies the mechncial manipulating system appears as

shown in the figure below.
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Figure 36: Final view of the assembled manipulating system
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2.6. Cost:
Material cost for the manipulating system is shown in the table below:

Table 6: Material cost of the manipulating system
PART

DESCRIPTION

DIMENSIONS (Inches)

QTY.

COST(USD)

NUMBER
Base

Steel

1

Holder
Hollow

Steel

Tube

OD: 1.9, ID: 1.5, Wall

1

32.64

1

33.78

Thickness: 0.2, Length: 4
Feet

Base Plate

Steel

Linear

Steel

6X12X0.5

3

actuator
assembly
Plate 1

Steel

6X4X0.25

9

181.53

Plate 2

Steel

4X4X0.25

6

116.7

Holding

Steel

OD:1.25 Length: 4.375

2

25.2

Steel

OD:1.9, ID:1.5, Wall

2

122.4

rod
Curved
Tube

Thickness: 0.2, Length: 20

38
Feet
Box

Steel

1

Assembly
Box Plate

Steel

6X6X0.25

4

93

Steel

6X5.75X0.25

2

53.78

1
Box Plate
2
Hinge

Steel

2

Assembly
Rotary

Steel

4X4X0.25

4

67.8

Steel

2.75X2.75X0.25

4

83.24

Steel

OD:1.05, ID:0.75, Wall

2

12

2

7.36

1

4.63

1

4.1

Plate 1
Rotary
Plate 2
Bracket
rod
Welding

Thickness: 0.15, Length: 4.75
Steel

Ring 1
Welding

OD:1.66, ID:1.25, Wall
Thickness: 0.14, Length: 125

Steel

Ring 2

OD:1.315, ID:1, Wall
Thickness: 0.175, Length:
2.25

Welding
Ring 3

Steel

OD:2.375, ID:2, Wall
Thickness: 0.154 Length: 1.5
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Rotary

Steel

Ring
Flanges

OD:1.9, ID:1.5, Wall

2

9.26

Thickness: 0.145 Length: 3.5
Steel

OD: 3, Thickness: 0.2

4

30

Steel

OD:1.5, Thickness: 0.2

4

30

Steel

OD: 1.5, Bore Dia: 0.5,

3

90

Big
Flanges
Small
Bearings

Thickness: 1
Nuts and

Steel

M10, M12 and M8
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Total material cost

1047.42

Bolts

These costs were estimated using available prices of the metals in the market, which may
vary for different companies. The total cost in building the manipulating system would also
include manufacturing costs which may vary from state to state, thus manufacturing costs were
approximated. Costs for the control integration components are discussed in chapter 3.
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3. CONTROL INTEGRATION
3.1.Design kinematics:
This chapter introduces the kinematics and control integration of mechanical
manipulator. The mechanical manipulating system consists of revolute and sliding joints which
were briefed in Chapter 2. The study of motion and the relationship between the joints and end
effectors using inverse kinematics can be found by basic trigonometry [18, 19]. The final
positions of the laser heads in terms of coordinates are detailed below:
Consider the top laser head in which its position is controlled by rotation and linear movement.
Let θ1 be the angle raised by the laser head, l1 is the distance between the axis of rotating shaft
and axis of laser beam, ‘a’ be the distance travelled by the laser beam through the linear actuator.

Figure 37: Free body diagram of top laser head for finding the target position using inverse
kinematics
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Let (x,z) be the reference position for the laser beam to reach. These coordinates can be
found by the equations shown below:
…………………. [18, 19]
……………….. [18, 19]
For the second laser head which has only linear moment, the position of the laser head is
only controlled in one direction. In figure 38 l2 is the distance between the axis of lead screw and
the laser beam, ‘a’ be the distance travelled by the laser beam through the linear actuator, (x2,z2)
is the reference position when the laser beam has to be pointed.

Figure 38: Free body diagram of center laser head for finding the target position using inverse
kinematics
2…………… [18,

19]
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The second laser head has only one movement in linear direction. As it will be easy to
locate the position of this laser head.
Similar to the top laser head, the third and the bottom laser head also have two different
movements which are rotation and linear movements. Let θ3 be the angle lowered by the laser
head, l3 is the distance between the axis of rotating shaft and axis of laser beam, ‘a3’ be the
distance travelled by the laser beam through the linear actuator. (x3,z3) is the reference position
when the laser beam has to be pointed.

Figure 39: Free body diagram of bottom laser head for finding the target position using inverse
kinematics
Thus,
………………….. [18, 19]
………………….… [18, 19]
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3.2. Control system:
To regulate and manage the behavior of sub-assemblies in the mechanical manipulating
system, a control system has been implemented in the design. Sub-assemblies like rotary
assembly and linear actuator assembly along with the manipulating system are moved using
stepper motors. For controlling the positions of the laser processing heads, a simple control
integration system can be used which consists of an Arduino board, Easy Driver Board, Jumpers,
Breadboard and a program to operate. Figure 40 shows the process flow of control integration.

Figure 40: Process flow of control integration
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3.3.Actuators:
Need of the actuators for the mechanical manipulating system is discussed in Chapter 2.
Suitable specifications for the stepper motors were found by estimating the holding torques
required. In total, the manipulating system would require five stepper motors - three for linear
moment for the laser heads and two for rotational movement for the top and bottom laser heads.
Torque calculations for the individual motors are shown below:
(1)

Stepper motor for linear actuator:

Weight of the bracket connecting rod along with lead screw and sleeve = 1.2 Kg
Weights of the laser head = 0.8 Kg (This weight may vary from company to company)
Total weight = 2 Kg
Force = 2 X 9.81 = 19.62 N
Holding Torque = Force X Length of the lever = 19.62 X 120 mm = 2354.4 N-mm
Holding torque with safety factor = 3500 N-mm or 350 N-cm
Thus a stepper motor with 350 N-cm is sufficient to carry loads up to 5 Kg.

(2)

Stepper motor for rotary actuator:

Total weight falling on the rotating rod = 7.5 Kg
Force = 7.5 X 9.81 = 73.575 N
Holding Torque = Force X Length of the lever = 73.575 X 90 = 6621.75 N-mm
Holding torque with safety factor = 9000 N-mm or 900 N-cm
Thus a stepper motor with 900 N-cm is sufficient to carry loads up to 10 Kg
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3.4. Stepper motor:

For the mechanical manipulating system a stepper motor with inbuilt lead screw and shaft
assembly can be used without taking additional parts to form an actuating system. A stepper
motor shown in figure 41 can be used which is readily available in the market. The housing box
can be fabricated as per the motor dimensions and specifications.

Figure 41: Stepper motor with inbuilt lead screw mechanism [20]
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Stepper motors with inbuilt mechanisms generally cost around 45 USD [20], since five
motors are required, the total cost would be around 225USD. The torque capacities of all the
motors fall on the same range.

3.5.Controller:
Since the goal of this current study is to develop a cost effective mechanical manipulating
system, the model is designed to work with suitable and simple stepper motors. These are
determined to control using simple microcontroller like an Arduino board (figure 42). To make
the functionality of the manipulating system more convenient and easy to operate, a simple
control system has been assigned. The basic function of the Arduino is to store, translate and
execute the program in order to run the current hardware [21]. The other reason for choosing this
microcontroller is its low cost. In general, high end model of Arduino costs around $30 which is
low when compared with servo mechanisms [21].

Figure 42: Arduino microcontroller board [21]
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3.6.Connections:
Micro controllers and stepper motors can be used to operate mechanical manipulating
systems. Thus the connections between the controller and the stepper manipulating system would
be easy to understand. Figure 43 illustrates the connections made from the Arduino board to the
stepper motor where the motor is coupled to a shaft or a lead screw. A power supply coming
from the computer system drives the Arduino board. Separate slots are provided on the board
where there are several pins. Hence while giving the connections it is necessary to remember the
numbers on the pins which are required for programming.

Figure 43: Connection between arduino board and stepper motor [22]
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3.7.Programming:
In order to control and manage the degrees of freedom in mechanical manipulating
system the transmitted signals were represented by a computer program. Program controls the
speed of the motor which in turn regulates the rotation of the shaft or regulates the movement of
the sleeve in a lead screw. Mechanical manipulating system would require a to and fro motion
program and a phase control program. Two sample programs are shown below to understand the
working and execution of the program.
3.7.1.
3.7.2. Sample to and fro program:

Figure 44: Sample to and fro program [22]
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In the above program pins 8 and 9 are the slots chosen during the motor and controller
connections. Time to delay and work are given in microseconds. Distance = = 3600 indicates the
number of steps required to move. To understand the to and fro program let us consider the laser
head moment along the machining length of the work piece, suppose if the length of the work
piece is six inches the motor should be able to move the sleeve throughout this length. The
moment of the sleeve depends on the number of revolutions made by the motor, since the
rotation movement is converted to linear movement. A calculation to find required number of
steps is shown below:

Steps per revolutions of a stepper motor = 200
Linear step size = 0.04 mm
Therefore for one revolution the step size would be = 200 X 0.04 = 8 mm, the motor can move
the sleeve up to 8 mm.
For 152.4 mm or 6 inches step size it requires 19 revolutions. Hence total number of steps
required to would be 3800 steps.
Note: Steps per revolution and linear step size depends upon the motor specifications, which
may vary from company to company.
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3.7.3. Sample phase control program:

Figure 45: Sample phase control program [22]
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Similar to the to and fro program the phase control program also depends upon the
number of steps of the motor. In the above program the values of ‘a’ are the number of steps
required to control the phase angle. To estimate the number of steps required for this program, let
us consider a sample calculation shown below:

Step angle of the motor = 1.8 degrees
Number of steps = 200

Therefore for 200 steps the motor completes 200 X 1.8 = 360 degrees of rotation.
Suppose the top laser head in the mechanical manipulating system needed to be moved to 30
degrees, 30/1.8 which is around 16 steps. Thus the motor should be programmed to 16 steps to
change the angle from 0 degrees to 30 degrees.

Note: Steps per revolution and step angle depends upon the motor specifications, which may
vary from company to company.
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4. RESULTS AND DISCUSSIONS
For better understanding towards the goals of the mechanical manipulating system, it is
necessary to study the structural analysis of the system. Determining the effects of the loads on
the components verifies the rigidness of the manipulating system. Structural analysis is studied
for particular components which are mentioned in Chapter 2. Results of the factors like total
deformation, von-mises stress and equivalent strain were discussed below:
(1)

Holding stand:

Figure 46: Minimum to maximum distribution of total deformation in holding rod
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Figure 47: Magnified view of maximum deformation zone in holding rod

Figure 48: Minimum to maximum distribution of elastic strain in holding rod
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Figure 49: Magnified view of maximum strain affected zone in holding rod
Table 7: General properties of structural steel
Description

Value

Units

Tensile Modulus

200

Gpa

Ultimate Strength

400

Mpa

Yield Strength

250

Mpa
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The maximum allowable yield strength for the structural steel is 2.5e8 Pascals. Beyond
this point the material tends to elongate and reaches the ultimate yield stregnth point and then
fractures. From the figure below we can see the maximum stress of 2.281e7 Pascals is induced in
the holder. Using the equation below,
……………………..[23]

Factor of safety for the holder is found to be 10.9 which is really genuine and capable of
carrying higher loads.

Figure 50: Minimum to maximum distribution of equivalent stress in holding rod
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Figure 51: Magnified view of maximum equivalent stress affected zone in holding rod
(2)

‘E’ assembly:

Figure below shows the deformation in the curved rods. Maximum deformation of
7.4671e-5 meters which is low compared to the deformation value for the holding stand.
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Figure 52: Minimum to maximum distribution of total distribution in 'E' assembly

Figure 53: Magnified view of maximum deformation zone in 'E' assembly
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Since these two curved rods are holding the other assemblies of the system like the rotary
assembly and the linear actuator assembly it is important for these rods to show less stress and
strain values. If the value tends to increase, it may cause disturbance in manipulating the laser
head. The maximum strain value is found to be 6.3843e-5 which is low and optimum.

Figure 54: Minimum to maximum distribution of strain in 'E' assembly
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Figure 55: Magnified view of maximum strain affected zone in 'E' assembly
Since both these curved rods are welded to a box, there are more chances of higher
stresses occurring at the joint of rod and box.

Figure 56: Maximum to minimum distribution of equivalent stress in 'E' assembly
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Figure 57: Magnified view of maximum equivalent stress affected zone in 'E' assembly
Factor of safety for the hollow curved tube is 19.7.
(3)

Holding rod:

Case (1): Holding rod at zero position:

Figure 58: Minimum to maximum distribution of total distribution in holding rod at normal
position
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Figure 59: Magnified view of maximum deformation zone in holding rod at normal position

Figure 60: Maximum to minimum distribution of equivalent stress in holding rod at normal
position
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Figure 61: Magnified view of maximum equivalent stress zone in holding rod at normal position

Figure 62: Maximum to minimum distribution of elastic strain in holding rod at normal position

63

Figure 63: Magnified view of maximum elastic strain zone in holding rod at normal position
Case (2): Holding rod at 300 position:

Figure 64: Minimum to maximum distribution of total distribution in holding rod at 300 inclined
position
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Figure 65: Magnified view of maximum deformation zone in holding rod at 300 inclined position

Figure 66: Minimum to maximum distribution of equivalent stress in holding rod at 300 inclined
position
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Figure 67: Magnified view of maximum equivalent stress affected zone in holding rod at 300
inclined position

Figure 68: Minimum to maximum distribution of elastic strain in holding rod at 300 inclined
position
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Figure 69: Magnified view of maximum elastic strain affected zone in holding rod at 300 inclined
position
Case (3): Holding rod at 450 position:

Figure 70: Minimum to maximum distribution of total distribution in holding rod at 450 inclined
position
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Figure 71: Magnified view of maximum deformation zone in holding rod at 450 inclined position

Figure 72: Minimum to maximum distribution of equivalent stress in holding rod at 450 inclined
position
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Figure 73: Magnified view of maximum equivalent stress affected zone in holding rod at 450
inclined position

Figure 74: Minimum to maximum distribution of elastic strain in holding rod at 450 inclined
position
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Figure 75: Magnified view of maximum elastic strain affected zone in holding rod at 450 inclined
position
Factor of safety for rotating rod at different positions is really high and much safe. Even
if the loads increase on the rotating rod it is capable to work without any failure.
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5. CONCLUSIONS

A mechanical manipulating system has been designed for effective usage in LAM which
is a special technique used for machining hard to wear materials like ceramics. In order to
achieve a cost effective and easy to operate system, commonly available components were
proposed to use in the design. The total cost of the system was found to be around 1750 USD
which is low when compared to industrial robotic arms which are worth a few millions.

Structural analysis on the design was done. The results indicated the strength of the
components is high and the factor of safety is promising for long term usage. A simple and
dynamic control system was used to manipulate the positions of the laser head. Construction of
the design is made with simple fabrications techniques without investing high amounts. The
manufacturing process of the mechanical manipulating system was detailed.
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